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Introduction
Achievement of inertial confinement fusion with

upcoming megajoule-scale laser facilities requires
intense laser light to be propagated through thousands
of wavelengths of underdense plasma—a situation
naturally susceptible to vigorous growth of laser-
plasma instabilities. These instabilities affect the propa-
gation of the incident light by absorbing and/or
scattering energy; they prevent efficient coupling to
the target and can threaten the symmetry of the x-ray
drive imposed on the capsule. The eventual result is a
reduction of the safety margin included in the design
of the facilities. These detrimental processes are most
violent in the so-called hot spots of the beam, where
the laser intensity is significantly higher than its aver-
age value over the focal spot. Moreover, the concentra-
tion of energy into the hot spots is itself prone to an
unstable phenomenon, known as self-focusing or fila-
mentation.1–3 In the regions of high laser intensity, the
increased thermal electron pressure and the pondero-
motive force cooperate to expel the plasma, increasing
the refractive index and leading to a still higher inten-
sity. Temporal and spatial smoothing have been
observed to significantly reduce both the backscat-
ter4–6 and filamentation7 from underdense plasmas.
Stimulated Raman and Brillouin backscattering from
very low-density plasma, associated with strong fila-
mentation, was virtually eliminated with temporal
smoothing.5,6 Suppressing filamentation is therefore
needed to control backscattering instabilities and
requires as much beam smoothing as possible.

A number of approaches to smoothing have been
proposed for megajoule-class lasers.8–12 One such
approach is to use a random phase plate (RPP)9 to
homogenize the long-scale structure of the focal spot
and to then reduce the residual fine-scale speckle

within the focal envelope by using the temporal
smoothing by spectral dispersion (SSD) method.10 In
this method, the laser pulse is spectrally broadened by
phase modulation, and the resulting bandwidth is then
angularly dispersed by a diffraction grating so differ-
ent frequencies produce shifted speckle patterns that
average out in the focal plane. From a time domain
viewpoint, the speckle pattern in the focal plane
changes at a rate determined by the total bandwidth of
the modulation, and thus, the time-integrated intensity
seen by the plasma is smoothed. If this rate is more
rapid than the plasma hydrodynamic response time,
then one expects the smoothing method to be effective
in reducing self-focusing. However, this rate is
bounded by practical limits on the maximum laser
bandwidth, and an alternative or complementary
smoothing technique is therefore of great interest.

In this article, we present the first calculations of the
effect of polarization smoothing (PS) on the filamenta-
tion instability. These calculations show that PS by
itself is highly effective in controlling filament forma-
tion. In addition, it is shown that PS, with unexpected
efficacy, can be combined with SSD to provide sup-
pression greater than either smoothing technique can
provide alone. Because PS can be implemented in a
large laser system without loss of performance and at
reasonable cost, it is a smoothing alternative that satis-
fies the requirements of both laser engineers and iner-
tial fusion target scientists.

Polarization Smoothing in
Vacuum

A few simple techniques have been suggested for
PS.11–13 In the implementation examined here, the
laser beam is incident upon a wedged birefringent
crystal, with its linear polarization at 45° from both the
ordinary and extraordinary axes of the crystal.11 The
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crystal output then consists of two beams with equal
intensities and orthogonal polarizations. Their direc-
tions of propagation are separated by an angle α to the
wedge θ; the birefringence ∆n of the crystal: α = θ∆n.14

Due to their orthogonal polarizations, the two waves
do not interfere in the target plane, and the total inci-
dent intensity is simply the sum of both intensities.
The angular shift between the beams in the near-field
translates into a spatial shift at focus: ∆x = αL = αfD,
where L and f are the focal length and the f-number of
the lens, and D is the width of the beam at the lens.
The intensity speckle pattern of one beam at focus has
a transverse coherence length of l⊥ = fλ0.15,16 For the
sum of the two beams, the intensity statistics are deter-
mined by the correlation between the shifted speckle
patterns,15 and hence the displacement ∆x. The correla-
tion function, g(∆x), is given by the Fourier transform
of the near-field beam aperture. In our simulations, the
beam is square, and ∆x = [sin(π∆x/fλ0)]/(π∆x/fλ0). It is
straightforward to determine the intensity distribution
function for a finite displacement, x, between the pat-
terns. The probability P(I)dI that the total intensity lies
in the interval, I to I + dI, is given by

(1)

The function I0 is the modified Bessel function of
zeroth order. If the separation between the two beams
is much smaller than the transverse coherence length
of one of them, ∆x«l⊥ , the intensity statistics in vacuum
have the exponential distribution of a single beam; the
probability P1(I)dI that the total intensity lies in the
interval, I to I + dI, is given by P1(I) = exp(–I/I0)/I0,
where I0 is the total average intensity.15 An elementary
calculation then shows that the fraction of beam
energy contained in regions where the intensity is
higher than nI0 is F1(n) = (1 + n)exp(–n). Hence, e.g.,
4% of the beam energy has a local intensity above 5I0.
Conversely, if the beams are completely uncorrelated
(e.g., a displacement of fλ0), g = 0, and the intensity
distribution is that of the incoherent sum of two
speckle patterns governed by P2(I) = 4Iexp(–2I/I0)/I0

2.
Now the fraction of beam energy above nI0 reads F2(n)
= (1 + 2n + 2n2)exp(–2n), and is less than 0.3% for n = 5.
The intensity contrast, defined as 

is reduced from 1 for one RPP beam to for the
superposition of two uncorrelated beams,15 indicating
a smoother intensity distribution.

Polarization Smoothing 
in a Plasma

These promising properties of speckle statistics in
vacuum will be modified in a plasma, where the elec-
tron density, and hence the refractive index, is nonlin-
early dependent on the local intensity. To model this
intricate laser–plasma coupling, we used the code F3D,
which has been described elsewhere.3 For this first
study, we limited our attention to the “slow” ion
waves responsible for self-focusing and filamentation
of the light. PS is modeled by generating two tilted
beams at the final focusing lens, resulting in two
shifted speckle patterns in the focal plane. To advance
the simulation by one time step, each beam is propa-
gated independently (in the z direction) in the density
profile. The total intensity distribution in the plasma is
then computed by summing the intensities of both
beams, and it is used to update the plasma hydrody-
namic quantities (density, momentum, and energy)
through the ponderomotive and thermal pressures.

The parameters that we used in our simulations
are representative of the plasmas that will be pro-
duced inside the hohlraums of the future megajoule-
scale lasers:6 equimolar CH mixture; electron
density ne = 0.1nc, where nc is the critical density at
the laser wavelength λ0 = 0.35 µm; and electron and
ion temperatures Te = 3 keV and Ti = 1 keV, respec-
tively. The incident light is focused with an f/8
square lens. Unless otherwise specified, the laser
intensity is I0 = 2 × 1015 W/cm2. The plasma is typi-
cally two speckle lengths long, i.e., 2l = 16ƒ2λ0 
= 1024λ0, and the usual simulation time is 100 ps.
SSD is modeled in its simplest form (1D-SSD),10 where
the laser is sinusoidally phase modulated (FM) at a
modulation frequency νFM, and the grating disper-
sion is chosen such that the FM sidebands are each
separated at focus by ƒλ0 in the y direction (“critical
dispersion”).

Results and Discussion
Filamentation in the plasma can dramatically

change the intensity distribution by increasing the
probability of power at high intensity. To illustrate that
process and the effect of PS, we display in Figure 1, as
a function of position along the propagation axis, the
fraction of beam power exceeding five times the aver-
age intensity I0. This measure of the modified intensity
distribution, hereafter called the “tail fraction,” is
admittedly arbitrary, but other measures are similar in
behavior. Four different smoothing configurations are
considered in Figure 1: (a) a beam smoothed by RPP
only, (b) a beam smoothed by RPP and SSD along the y
direction, (c) a beam smoothed by RPP and PS, with a
separation between the two shifted beams ∆x = l⊥ = 8λ0
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along x, and finally (d) a beam smoothed by a conjunc-
tion of all three techniques (RPP, SSD along y, and PS
along x). For all cases the tail fraction first increases
monotonically with distance, as small filaments form
in the target, concentrating large amounts of the inci-
dent energy to high irradiance. Then the tail fraction
drops back to roughly its initial value, indicating that
the small filamented structures defocus. The first two
curves, without PS, start at the value of 4% expected
for irradiation by a single beam. Whereas curve 
(a) reaches a maximum of ~20%, curve (b) grows at the
same rate but stops at 11%. SSD apparently has little
effect on the focusing of the most unstable hot spots,
but is effective in stabilizing the more slowly growing
filaments. The PS case, curve (c) starts from a lower
value and increases more slowly in space, which
reflects the lack of power in fast-growing filaments.
That is, PS reduces the power at high intensity in the
incident beam. It even turns out, in this case, that the
maximum tail fraction is slightly lower than that 
produced by SSD. Finally [curve (d)], using both 
techniques is highly effective because PS eliminates the
power in fast-growing filaments, while SSD suppresses
the growth of slower filaments. The maximum tail
fraction in this last case is about the same (4%) as 
that for an RPP beam in vacuum, illustrating the 
effectiveness of PS.

The time history of the tail fractions (measured, at
each time, at the z positions where their maxima are
achieved) confirms the above description, even though
the maximum tail fraction can oscillate in time by a
few percent around the values of Figure 1. The rise
time with PS is slightly longer than with the RPP alone
(10 ps versus 7 ps), whereas the growth with SSD is
much slower (rise time ~50 ps) and oscillatory. The

maximum intensity in the plasma reaches 50Ι0 when
only an RPP is used, but is limited to 14Ι0 when PS and
SSD are operated together. The values for SSD alone
and PS alone are similar, around 30I0.

The importance of using SSD and PS together can 
be illustrated more practically. For a beam smoothed
by RPP only, roughly 21% of the energy will be above
5Ι0 = 1016 W/cm2 at maximum. If we use an SSD- and
PS-smoothed beam with the parameters mentioned
above and tolerate the same fraction of beam energy
above 1016 W/cm2, we can use a pulse with nearly
twice the average intensity: I0 = 4 × 1015 W/cm2. 
On the other hand, if we only accept the same abso-
lute amount of energy above 1016 W/cm2, we can still
drive the plasma around I0 = 3 × 1015 W/cm2, i.e., at a
50% higher intensity with RPP, SSD, and PS than with
RPP alone.

From another point of view, PS can effectively
increase the bandwidth of the pulse, but without the
usual decrease in laser performance. In fact, at 
I0 = 2 × 1015 W/cm2, the benefit provided by PS
seems out of reach of SSD alone, as shown in 
Figure 2. When the pulse bandwidth is increased
from ∆ ν/ν = 2.5 × 10–4 to 6 × 10–4, the tail fraction
produced by a SSD-smoothed beam only drops from
13% to 10%, far from the 5% obtained with PS at
∆ν/ν = 2.5 × 10–4. The same conclusion holds at 
I0 = 4 × 1015 W/cm2, where a bandwidth ∆ν/ν = 6 × 10–4

results in a maximum tail fraction of roughly 15%,
whereas it is only 9% to 10% for a combined smooth-
ing by SSD (∆ν/ν = 2.5 × 10–4 at 3 GHz) and PS 
(∆x = fλ0). Figure 2 also confirms the effectiveness of
PS alone relative to SSD alone. With PS alone, the
tail fraction is found to be ~12%. To achieve an
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FIGURE 1.  Fraction of beam energy above 5I0 vs axial position z in
the plasma. Smoothing with (a) RPP only; (b) RPP and 1D-SSD
(bandwidth ∆ν/ν = 2.5 × 10–4, νFM = 20 GHz); (c) RPP and PS (beams
shifted by fλ0 in the target plane); (d) RPP, 1D-SSD and PS as above,
with orthogonal dispersions. (50-00-0898-1678pb01)
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FIGURE 2.  Maximum value along z for the fraction of beam energy
above 5I0, averaged over the last 20 ps of the simulation, vs band-
width of the 1D-SSD, with or without PS (∆x – fλ0). Different νFM
guides have been used. (The solid lines are fits to guide the eye.)
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equivalent tail fraction with SSD alone requires a
bandwidth of ∆ν/ν ~3 × 10–4. This result is quite
notable in that PS only sums two speckle patterns,
whereas SSD (asymptotically) sums many more; at
∆ν/ν = 3 × 10–4 and νFM = 3 GHz, the number of FM
sidebands, and hence speckle patterns, is ~85. This
emphasizes the importance of the instantaneous nature
of PS, and one can conclude that the temporal smooth-
ing rate is critical for suppression of filamentation. 

It is interesting to note that some of the data points
in Figure 2 have been obtained with 3 GHz SSD, and
the other ones with 20 GHz SSD, in both cases critically
dispersed. Yet both series obviously lie on the same
curve. At a fixed bandwidth ∆ν, a change in the SSD
modulation frequency does not change the time it takes
for two independent speckle patterns to be successively
generated in the focal plane, which is simply the coher-
ence time, τ = 1/∆ν. Yet a higher SSD modulator fre-
quency means that fewer independent speckle patterns
will be formed on the target, so that the asymptotic
contrast value will be higher (meaning less smoothing)
and reached in a shorter time. The insensitivity of the
plasma to the modulation frequency is explained by the
fact that its reaction time is of the order of the laser
coherence time, so that the larger number of speckle
patterns produced in the low νFM case appears well
after the plasma has responded and cannot effectively
participate in smoothing the intensity distribution. This
is fully consistent with the above statement that the
instantaneous smoothing produced by PS is paramount
to explaining its effectiveness. Moreover, this also sup-
ports using a relatively high SSD modulation frequency
in future facilities, since a critically dispersed beam is
less divergent at high νFM. Then the usual difficulties of
propagating a divergent beam through a laser chain
(such as pinhole clipping in the spatial filters, modifica-
tion of the pulse shape, and smearing of the focal spot)
can be substantially reduced, without negatively
impacting the smoothing efficiency. 

As is the case in vacuum, the efficiency of PS
depends on the amount of spatial separation that is
introduced between the beams in the target plane. Our
results for I0 = 1, 2 and 4 × 1015 W/cm2 are summa-
rized in Figure 3. The conditions for these simulations
are an RPP only (open points); or an RPP, SSD along y
with νFM = 3 GHz and bandwidth ∆ν/ν= 2.5 × 10–4

(closed points); and PS with a variable shift along x
between the two beams (shaded points). Linear 
optics in vacuum (see “Polarization Smoothing in
Vacuum” on p. 83) suggests that the absolute mini-
mum in the tail fraction should be reached for a shift
equal to ∆x = fλ0. Plasma-induced nonlinearities 
modify this simple picture, and the tail fraction
appears to be best minimized only for shifts ≥2fλ0.

The initial independence between the beam profiles
can change as they propagate into the plasma. To assess
this effect, we define a normalized cross-correlation func-
tion between the intensities I1 and I2 of beams 1 and 2 as

(2)

where the z dependence of I1 and I2 is omitted for 
clarity, and the brackets stand for averaging over the
transverse coordinates u and ν. Close to the laser
entrance plane and as we expected, the cross-correla-
tion function is maximum and equal to 1 for (x,y) equal
to the displacement of beam 1 relative to beam 2. Far
from this peak, K typically oscillates around ±0.1,
owing to the sampling statistics of our finite grid size.
We observe two opposing trends when the beams
propagate deeper into the plasma—K gets smoothed
out, and its maximum oscillates around a low value,
Kmax = 0.1 to 0.2, but also the location of this maximum
can shift toward the origin in the (x,y) plane. The latter
observation means that the beams tend to recorrelate
under the influence of the plasma, each one being
focused into the density troughs created by the other.
Fortunately, the decay of K is faster than this mutual
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attraction—only a small fraction of the beams will
effectively be recorrelated, while on the whole, they
will even lose the “preferred” cross-correlation dis-
tance (–∆x) that they had at the plasma entrance. 

For our nominal conditions, with an initial beam
shift ∆x = 2fλ0 and a laser irradiance I0 = 2 × 1014

W/cm2, this decay of the cross-correlation function
occurs after propagation through roughly 750 λ0.
When the irradiance is twice as large, it happens after
only 375λ0. This I–1 scaling is consistent with a phe-
nomenon driven by the ponderomotive force of the
laser via the plasma density modulations. The varia-
tions of Kmax with z are established in less than 20 ps
and remain constant in time thereafter. If the initial
separation between the beams, or their intensity, is var-
ied, the competition between recorrelation and decor-
relation can evolve differently. At I0 = 4 × 1015 W/cm2,
e.g., the decay of K along the z axis is roughly the same
for ∆x = 2fλ0 and ∆x = 1fλ0, but the maximum of K is
localized around the origin in the latter case, indicating
less decorrelation by the plasma. When the shift is
reduced further to ∆x = 0.5fλ0, K steadily maximizes 
at the origin of the (x,y) plane after propagation along
400λ0, with a value of 0.5, supporting a stronger 
but still partial recorrelation of the beams. This cross-
influence of the beams explains why it can be more
effective, contrary to what linear optics suggests, but 
in agreement with Figure 3, to use an initial separation
∆x greater than l⊥ = ƒλ0 . Note that other implementa-
tions of PS,12,13 where the second beam is completely
decorrelated from the first one instead of simply being
a shifted duplicate, can significantly reduce this con-
cern. This is, for instance, the case if the orthogonally
polarized pulses are transmitted through different
phase plates.

Because PS and SSD each disperse in a selected
direction, one expects different results depending on
whether the PS dispersion is parallel or orthogonal to
the direction of SSD dispersion. SSD can be thought 
of as generating on target a large number of speckle
patterns shifted along y. If the PS dispersion is in the
same direction, we might expect only a small benefit
since the additional dispersion is only marginal. On
the other hand, if PS shifts the beams in the orthogonal
(x) direction, the maximum smoothing is expected.
This effect is simulated with the same plasma parame-
ters as above, SSD bandwidth of ∆ν/ν = 2.5 × 10–4, 
νFM = 30 GHz, a shift of 2fλ0 between the PS-generated
beams, and a simulation time of 110 ps. For an average
intensity I0 = 1015 W/cm2, the tail fraction averages to
2% if PS is dispersed along x and 3% if it is dispersed
along y parallel to SSD. At I0 = 2 × 1015 W/cm2, the tail
fractions for the two directions are still similar—3.5%
for PS orthogonal to SSD and 5% for PS parallel to

SSD, both much smaller than the 13% obtained with-
out PS. Thus, one sees that PS is quite effective even
when it is applied along the same direction as SSD.
This is due to the fact that even though the PS disper-
sion is small compared to SSD, PS acts instantaneously,
whereas SSD irradiates the plasma with a speckle pat-
tern that changes at the bandwidth limited rate. The
addition of PS reduces the tail fraction by smoothing
the changing speckle pattern at each instant in time.
Although not simulated here, our results suggest that
similar benefits will be obtained when PS is combined
with any other temporal smoothing method, such as
the induced spatial incoherence method.8

Conclusion
In conclusion, we have investigated the dynamics

of an underdense plasma, typical of those that will
be produced by next-generation megajoule-class
lasers, when irradiated by an intense laser whose
intensity speckle inhomogeneities are reduced by
polarization smoothing. The essence of this scheme
lies in the superposition, in the focal plane, of two
orthogonally polarized and uncorrelated speckle
patterns, that, e.g., can be achieved with a wedged
birefringent crystal. For intensities of a few times
1015 W/cm2, polarization smoothing was found to
be highly effective in reducing the self-focusing of
light in the plasma. Its operation in conjunction 
with SSD leads to a suppression of self-focusing 
that could not be achieved by SSD alone. We found
that a relatively small shift (typically 2fλ0) between
the orthogonally polarized beams in the focal plane
is sufficient to achieve this result, since the tendency
of the beams to recorrelate as they propagate is
found to be limited.
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